We have successfully demonstrated an integrated optical system for collecting the fluorescence from a trapped ion. The system, consisting of an array of transmissive, dielectric micro-optics and an optical fiber array, has been intimately incorporated into the ion-trapping chip without negatively impacting trapping performance. Epoxies, vacuum feedthrough, and optical component materials were carefully chosen so that they did not degrade the vacuum environment, and we have demonstrated light detection as well as ion trapping and shuttling behavior comparable to trapping chips without integrated optics, with no modification to the control voltages of the trapping chip.
Introduction
The efficient collection of fluorescence photons from a single ion is an essential ingredient for trapped ion-based quantum information processing [1] . The time-resolved detection of emitted photons has allowed for >99.99% singleion qubit readout fidelities where greater photon collection efficiencies lead to higher detection fidelities [2, 3] . Furthermore, the collection efficiency of individually emitted photons is critical for photon-mediated remote ion entanglement [4] .
This work is a significant realization on a path previously proposed by Kielpinski et al. [5] to achieve higher collection efficiencies and simultaneous point detection of ions via an optical system integrated with the trapping chip. We have designed and implemented a lens and fiber optic system that intimately integrates with the ion-trapping chip to access the largest possible portion of the ion's fluorescence, which is radiated into a full sphere, given the constraints imposed by the ion-trapping chip configuration. The system also permits us to discriminate an ion's fluorescence from its neighbor's. This approach employs an array of high numerical aperture (NA) dielectric diffractive microlenses that efficiently and robustly transmits the ion fluorescence to an array of multimode optical fibers [6] . This integration is on a finer scale than has previously been demonstrated with macro, threedimensional Paul traps whose dimensions are on the order of millimeters. Our approach functions complementarily and simultaneously to existing bulk optics that conventionally monitor ion presence, collect fluorescence, and illuminate with laser light. Some advantages of our approach over other in-vacuum designs [7] [8] [9] are closer integration of the transmitting, dielectric optical element array to the trapped ion than was previously attempted, an ability to realize full-fillfactor, low-aberration optics, and built-in redundancy and location tolerance along the trap axis through the use of an array of optical elements without occluding any portion of the fluorescence. Other trap designs proposing [10, 11] or demonstrating [12, 13] microscale optics for ion trapping typically collimate the fluorescence beam to relay it to the exterior of the chamber, while we couple directly into fibers attached to the ion-trapping chip. This approach has several advantages over using free-space propagation to transfer the fluorescence light from the chamber. First, it is not necessary to align and adjust a complex optical train and maintain that alignment over the course of an experiment. Second, there is no necessity to contrive an arrangement where optics outside the chamber have a direct line of sight to the fluorescing ion. Third, the light does not pass through a vacuum window and does not experience the associated reflection losses or artifacts, or pick up wavefront aberrations. Fourth, once in the fiber the fluorescence light can be manipulated and routed using the many commercially available fiber optic devices such as switches, splitters, gratings, and circulators.
The approach described here presents many potential risks to the trapping system. These were managed by careful consideration of the optical design form used and careful selection of materials that are compatible with the ultra-highvacuum (UHV) environment required by the trap. A major concern is that the close proximity of a dielectric lens to the ion trap might disrupt the electric fields to such an extent that the fundamental trapping and shuttling operations would be destabilized. Specifically, the introduction of a dielectric surface near an illuminating light source can give rise to excess micromotion and difficulties in reliably addressing ions with focused laser beams. This is thought to be a result of slowly drifting charges in the vicinity of trapped ions and on the dielectric [14] . Other researchers have considered this issue at the macrotrap scale [7] and at the microtrap scale [8] . This microtrap arrangement is similar to ours, but does not have the advantage of an optical element of any power to enhance collection efficiency.
We have detected light through the diffractive microoptics/fiber system and will quantify our optical system efficiency measurement and the resulting fluorescence collection in a future publication.
In this paper, we discuss the steps we have taken to design and successfully integrate collection optics with the trap chip and to mitigate risks associated with the introduction of the optics. We detail our design considerations in Sect. 2. In Sect. 3 we discuss the design of high numerical aperture, transmissive diffractive micro-optics that collect ion fluorescence and couple it efficiently to an array of optical fibers, as well as a scheme for integrating the optics directly with a packaged ion-trapping chip. In Sect. 4 we describe the fabrication of the diffractive optics, the alignment and assembly of the optics with the trap chip, and the assembly of the trap chip and optics in the vacuum chamber. In Sect. 5 we describe our successful trapping and shuttling of ions using the chip with integrated optics and we conclude the paper in Sect. 6. 
Integrating optics with trap chip
It is only in considering the combined system aspects of the trap chip with integrated optics that an optimum, practical configuration is identified. In Fig. 1 we show a simplified drawing of the architecture assumed in this work. An excitation beam from a single-mode optical fiber is focused by a microlens onto a trapped ion. The resulting fluorescence is captured by a collection microlens and coupled into a multimode optical fiber. This is conceptually simple, but in reality there are many constraints on the optical design because of the necessity of integrating the optics with a functioning iontrapping chip, such as that shown in schematic in Fig. 2 . The geometry of the trap chip is tightly coupled to the trapping function and can be altered minimally or not at all for the purpose of integrating optics.
A key consideration is that the emission from a single ion is weak and into 4π steradians, so the collection optics should collect light over as large a solid angle as possible, i.e. the optics should be of high NA. Unfortunately, there are a number of competing considerations that limit the cone of
